We report the preparation, crystallization and solid state characterization of a cyclohexanemethylamine substituted spirobiphenalenyl radical; in the solid state the compound is iso-structural with its dehydro-analog (benzylamine-substitued compound), and the molecules packed in a one-dimensional fashion that we refer to as a π-step stack. Neighboring molecules in the stack interact via the overlap of one pair of active (spin bearing) carbon atoms per phenalenyl unit. The magnetic susceptibility measurement indicates that in the solid state the radical remains paramagnetic and the fraction of Curie spins is 0.75 per molecule. We use the analytical form of the Bonner-Fisher model for the S = 1/2 antiferromagnetic Heisenberg chain of isotropically interacting spins with intrachain spin coupling constant J = 6.3 cm −1 , to fit the experimentally observed paramagnetism [χ p (T)] in the temperature range 4-330 K. The measured room temperature conductivity (σ RT = 2.4 × 10 -3 S/cm) is comparable with that of the iso-structural benzyl radical, even though the calculated band dispersions are smaller than that of the unsaturated analog.
Introduction
Molecular conductors have been widely explored in the areas of optoelectronics, magnetooptics and spintronics [1] [2] [3] [4] [5] . and phenalenyl based radical conductors have been the subject of number recent reviews [6] [7] [8] . Phenalenyl (PLY), a polycyclic odd-alternant hydrocarbon with a planar D 3h symmetric π-electronic system, is one of the fundamental delocalized neutral radicals [9, 10] . Because of its simple and highly symmetric structure, and its intriguing properties in solution and in the crystalline state, it has fascinated researchers for some time [6, 7, 11, 12] . It was first proposed in 1975 that phenalenyl has the potential to serve as a building block for molecular conductors [13] [14] [15] . Since then synthetic efforts have led to the crystallization and characterization of several types of PLY derivatives by chemical modification [16] [17] [18] [19] [20] [21] [22] [23] . Heteroatom functionalization of neutral radicals such as thio-substituted PLY [24] [25] [26] , azaphenalenyls [12, 27, 28] , and bisphenalenyl boron complexes [29, 30] have played a crucial role in the recent progress in phenalenyl chemistry and the important developments in heterocyclic radicals [31] [32] [33] [34] [35] .
In our pursuit of phenalenyl-based neutral radical molecular conductors, we have used N-and O-functionalization to create three families of spiro-bis(1,9-disubstituted phenalenyl) boron radicals and one tris(1,9-disubstituted phenalenyl) silicon neutral radical (1−22, Scheme 1). Unlike conventional neutral radicals, in the solid state the spiro-conjugated biphenalenyls give rise to a quarter-filled energy band, and this significantly reduces the on-site Coulomb correlation energy (U), which is usually responsible for the insulating ground-state that occurs in half-filled band structures.
The first PLY based neutral radical molecular conductor (5) [36] was found to be monomeric and it showed Curie behavior throughout the temperature range 10−400 K, thereby confirming the presence of non-interacting spins in the solid state. Nevertheless the compound showed a room-temperature conductivity of σ RT = 0.05 S/cm and the radical was best represented as a degenerate Mott-Hubbard insulator [36] . Similar to 5, the compounds 16, 17 and 18 have very weak intermolecular interactions in the solid state, and the magnetic susceptibility could be fit to the Curie−Weiss function with θ = −55 K (16), −70 K (17) , and −14 K (18), or to the antiferromagnetic 1D Heisenberg model; the conductivities span a broad range: σ RT = 0.04 (16), 0.01 (17) , and 7 × 10 −6 S/cm (18) [37] . Shorter chain analogs of 5, the ethyl (1) and butyl (3) compounds crystallized as face-to-face π-dimers and showed conductivities of σ RT = 0.01 (1), and 0.02 (3) S/cm [38] . These dimeric neutral radicals (1 and 3) simultaneously exhibit bistability in three physical channels: magnetic, electrical and optical, which has been rarely realized in a single system [39] [40] [41] [42] . The crystals undergo phase transitions from high temperature paramagnetic states to low temperature diamagnetic states, accompanied by an increase in the conductivities by 2 orders of magnitude. The radicals 2, 4 and 13 crystallize as weakly bound, paramagnetic π-dimers but the conductivities of these compounds (σ RT = 1.4 × 10 −6 S/cm (2), 0.4 × 10 −6 S/cm (4), and 0.5 ×10 −6 S/cm (13)) are much lower than those of 1 and 3, because of the orientation of the molecules in the crystal lattice [43, 44] . The n-octyl (6) and cyclooctyl (10) radicals can be crystallized as both a σ-dimer and a π-dimer-these latter structures are weakly bound (paramagnetic, 6) and strongly bound (diamagnetic, 10) dimers; both compounds show low conductivity: σ RT = 1 × 10 −5 (6) , and 1 × 10 −6 S/cm (10) [45] [46] [47] . 
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Apart from the structural motifs discussed above we have found a number of 1D-and pseudo-1D-neutral radical conductors; the first of these was the benzyl compound (7), which crystallized in an unusual π-step structure involving superimposed overlap of just 4 of the 12 active carbon atoms with a conductivity, σ RT = 1.4 × 10 −3 S/cm (7) [48] . The results are best interpreted in terms of a resonating valence bond (RVB) ground state [29, 30, 47, 49, 50] for this compound and this description is also applicable to the π-chain structures found for compounds 8, 9, 19, and 20 [29, 51] which essentially crystallize as infinitely repeating forms of the π-dimers 1 and 3. These compounds were also stable in their highly symmetric 1D structures and gave rise to some of the highest conductivities attained for this class of compounds: σ RT = 0. Thus it is apparent that the multifunctional PLY neutral radical conductors offer a variety of electronic and solid state structures in which the (de)localization of the spin and charge is of paramount importance. In that context we introduced a related substituent at the 9-position in order to study the response of the molecular packing and the solid state properties such as the optical spectrum, conductivity and magnetism. Herein, we report the synthesis, crystallization, and solid state properties of cyclohexanemethyl substituted spiro-biphenalenyl radical, 11, another member of [PLY(O,NR)] 2 B series. The radical was found to be iso-structural with the dehydro benzyl analog and in the solid state the molecules adopt the π-step structure, analogous to that of 7 [48] .
Results and Discussion

Synthesis of Ligand, Preparation and Electrochemical Properties of Radical 11
The ligand and the radical were synthesized following the same basic procedures that were used to prepare radicals 1-10 [48] . We first prepared the chloride salt (11 + Cl − ) reacting the ligand with boron trichloride and then exchanged the counter anion with tetraphenyl borate to achieve the required solubility properties of the salt (Scheme 2). The electrochemical characteristics of 11 + BPh 4 − were examined by cyclic voltammetry and differential pulse voltammetry and it may be seen in Figure 1 that there are two reversible redox couples for the compound (11) with half-wave potentials: E 1 1/2 = −0.87 V and E 2 1/2 = −1.27 V. Each of these redox couples corresponds to a one-electron reduction process, indicating successive generation of radical and anion (Scheme 3). The disproportionation potential for
). This disproportionation potential value is comparable with that of the corresponding PLY compounds (1-10). 
X-ray Crystal Structure of 11
The X-ray crystal structure for compound 11 has been determined at T = 100 K and in the solid state the central boron atom is sitting on a two-fold axis; thus the asymmetric unit contains half of the molecule and there are four molecules of 11 in the unit cell (monoclinic space group C2/c). The crystal data and details of the structure determinations for radicals 11 and 7 are listed in Table 1 . An ORTEP drawing of 11 with atom numbering scheme is shown in Figure 2 . The structure is similar to the previously reported benzyl analog 7 [48] , but different from the recently reported low E 2−1 radical 22 [53] . A comparison of relevant crystal parameters pertaining to compounds 7 and 11 (Table 1 ) reveals that the volume of the unit cell for the radical 11 is higher (3048 Å 3 ) than that of the radical 7 (2784 Å 3 ). A noteworthy structural feature of these compounds (7 and 11) is the presence of one dimensional (1D) π-step stacking of phenalenyl units along y axis ( Figure 3 ). The packing along other directions (x and z) is quite different from the packing along the y direction but similar in both radicals. The intermolecular short contacts along the x axis are 3.54, 3.67 and 4.60 Å for radical 7, while corresponding contact interactions for radical 11 are 3.70, 4.68 and 4.72 Å respectively (Figure 4 ). In the x and z directions the PLY rings are oriented by an angle of 67°, while in the case of 7 the angle is 80°. The closest C· · · C distances between the angularly oriented phenalenyls in the xz plane are 3.70 Å for 11, 3.54 Å for 7, higher than the van der Waals distance 3.4 Å. Along b axis the phenalenyl rings on both side of the boron are packed in a π-step fashion as shown in Figures 3 and 5 . The closest C· · · C distances between molecules along b direction are 3.48 and 3.62 Å while that for radical 7 are 3.47 and 3.58 Å (Figure 5 ). Despite the comparatively large separation the molecules are superimposed at two spin bearing carbons of each phenalenyl unit in 7 (Figure 6 ), so the overlap between molecules is effective. In radical 11, there is complete superposition of a pair of spin bearing carbon atoms of the nearest phenalenyl units along the b axis, whereas in the case of radical 7 the planes are slightly displaced (Figure 6 ), for a total of four spin-bearing contacts per molecule. Thus radical 11 exist as a monomeric stack along the b-axis (1D) of the unit cell ( Figure 4 ) and all other neighboring PLY units along a-and c-axis are oriented angularly. There is an effective conducting pathway along b-axis in the crystals and the radical is iso-structural with 7.
Magnetic Susceptibility of 11
The temperature dependence of the magnetic susceptibility (χ) of 11 was measured over the range of 4.4-330 K and is shown in Figure 7a as the paramagnetic susceptibility χ p after correction for the molecular diamagnetism χ 0 = −383.3 × 10 −6 emu/mol. The measured magnetic susceptibility shows a Curie-like paramagnetic increase with decreasing temperature which is typical of the phenalenyl-based neutral radical compound 5 although the rate of increase at low temperatures is slower than for a system of non-interacting spins. This deviation from Curie paramagnetism can be clearly seen in Figure 7b where the effective fraction of Curie spins per molecule 8/3 × ( p T) shows a decrease at low temperatures associated with antiferromagnetic interactions. We used the analytical form of the Bonner-Fisher model for the S = 1/2 antiferromagnetic Heisenberg chain of isotropically interacting spins [55, 56] , to fit the experimentally observed χ p (T) in the temperature range 4-330 K. Besides the Bonner-Fisher (BF) contribution the fitting takes into account the paramagnetic impurity term; the analysis gives a concentration of paramagnetic impurities equal to 1.9% Curie spins per molecule, while the remaining Bonner-Fisher (BF) contribution shows a maximum at 12 K corresponding to an intrachain exchange constant, J = −6.3 cm −1 . Both components are shown in Figure 7a , and their sum satisfactorily matches the experimental χ p (T) dependence. The uniform Heisenberg model [55, 56] is appropriate because of the regular chain structure of 11, in which the radical spins couple through a single type of π-step interaction. 
Conductivity of 11
The electrical conductivity (σ) of crystalline 11 was measured using four-probe configuration with four in-line contacts placed along the needle axis ( Figure S2 ) over the temperature range from 80 to 330 K (Figure 8 ). The room-temperature conductivity of 11 was found to be σ RT = 2.4 × 10 −3 S/cm, slightly higher than the value obtained for the iso-structural radical 7 (σ RT = 1.4 × 10 −3 S/cm) but less than σ RT = 2 × 10 −2 S/cm for the low ΔE radical 22. It may be noted that low value of ΔE 2−1 (0.23 V) in 22, is responsible for the one-order increase in the conductivity from that of 7 (0.34 V) and 11 (0.40 V). The conductivity shows a semiconducting temperature dependence with activation energy ∆ = 0.22 eV (Figure 8 ). Figure 9 represents the single crystal optical spectra of radical 11. As may be seen in Figure 9 , we find an optical energy gap E g (optical) ≈ 0.50 eV (~ 4000 cm −1 ) and the spectrum remains opaque past 12,000 cm −1 due to band-like excitations that extend through this region of the spectrum. The absorptions in the mid-IR, between 650 and 4000 cm −1 , are due to the molecular vibrations of the radical 11. The nature of the spectra are common to that of other neutral radicals and the optical energy gap E g is comparable to that of the spiro-biphenalenyl boron radicals reported previously [38, 44] . The optical gap is approximately two times higher than the activation energy ∆ = 0.22 eV of the electrical conductivity which is similar to the case of conventional intrinsic semiconductors. 
Optical Measurement of 11
Band Electronic Structure of 11
Figure 10a shows the band structure for the lattice found in the X-ray crystal structure of 11 at 100 K. The eight bands shown in Figure 10a are derived from the two LUMOs of 11 + for each of the four molecules of 11 in the unit cell; these basically consist of symmetric and anti-symmetric combinations of the 1,9-substituted phenalenyl LUMOs. Alternatively, they can be viewed as arising from the non-bonding molecular orbitals of each of the eight phenalenyl units in the unit cell. In the band picture these eight orbitals now accommodate four electrons, leading to a quarter filled band complex with two filled and six vacant bands. As expected, the nature of band structures for 11 at 100 K and 7 at 223 K are similar, because both the compounds are iso-structural with some variation in contact interactions as mentioned in Figures 4, 5. There is a substantial band dispersion (0.20 eV) found along π-step direction (y axis) in 11 but that for compound 7 is much higher about 0.37 eV, because in 7 spin-bearing C· · · C distances are smaller [48] . Dispersions along other directions for both the compounds 7 and 11 are very small and the values are negligibly small for 11 compared to 7. It may be noted that the low E 2−1 radical 22 adopts similar kind of π-step structure where the molecules pack in a continuous array of partially π-stacked neighboring PLY units along b-axis and similar to the radicals 7 and 11 there are no significant inter-molecular C· · · C interactions in 22 (less than 3.4 Å) along other axes. The extended Hückel theory (EHT) predicts that the radical (22) has a band dispersion more than 0.5 eV along the packing axis and the room temperature conductivity is 10 times higher than that of radical 7 and 11 [53] . The combination of electrical and magnetic properties observed for 11 is typical of a Mott insulator [57] [58] [59] , in which the unpaired spins are localized due to dominance of the Coulomb interaction U over the transfer integral t. Thus the magnetic data are well described in terms of a one dimensional S = 1/2 antiferromagnetic Heisenberg chain with J = 6.3 cm −1 ( Figure 7 ) [55] . The non-metallic character of the conductivity (Figure 8 ) would then be result of the localization of unpaired electrons due to their Coulombic repulsion as a result of the large intermolecular separation [57] [58] [59] .
Experimental Section
Materials
All reactions and manipulations were carried out under an atmosphere of dry argon using standard Schlenk and vacuum-line techniques. 9-hydroxy-1-oxophenalenone was synthesized according to literature procedure [60] . Cyclohexanemethyllamine (Aldrich), boron trichloride (Aldrich), sodium tetraphenylborate (Aldrich), and cobaltocene (Strem) were used as received. Solvents were dried and distilled according to standard procedures immediately before use. The NMR spectra were recorded on a Bruker 300 spectrometer. Mass spectra (MALDI) were run on a Voyager-DE STR BioSpectrometry Workstation mass spectrometer. Elemental analyses were performed by the Microanalysis Laboratory, University of Illinois, Urbana, IL. 
Preparation of NCH 2 CyHx, O-PLY
A mixture of 9-hydroxyphenalenone (0.98 g, 0.005 mol), cyclohexanemethylamine (5 g, 0.044 mol) and 15 mL of water were heated to 145 C in a heavy-walled sealed tube for 48 h. The mixture was allowed to cool, the tube was vented and opened, and the contents poured into 150 mL of distilled water. The aqueous mixture was extracted with 200 mL chloroform. The organic layer was washed repeatedly with water and dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure to give a yellow solid. The crude product was purified by column chromatography on Al 2 
X-ray Crystallography
A black thin needle fragments was used for the single crystal x-ray diffraction study of C 40 H 40 BN 2 O 2 (11) . The crystals were mounted on to a cryo-loop glass fiber with paratone oil. X-ray intensity data were collected on a Bruker APEX2 (version 2.0-22) [61] platform-CCD X-ray diffractometer system (Mo-radiation, λ = 0.71073 Å, 50 KV/40 mA power). The CCD detector was placed at a distance of 5.0550 cm from the crystal. The frames were integrated using the Bruker SAINT software package (version V7.23A) [62, 63] and using a narrow-frame integration algorithm. Absorption corrections were applied to all the raw intensity data using the SADABS program [64] . Atomic coordinates, isotropic and anisotropic displacement parameters of all the non-hydrogen atoms were refined by means of a full matrix least-squares procedure on F 2 . The H-atoms were included in the refinement in calculated positions riding on the atoms to which they were attached. The CIF file is provided in the Supporting Information.
Magnetic Susceptibility Measurements
Magnetic susceptibility measurement for 11 was performed over the temperature range 4.4-330 K on a George Associates Faraday balance operating at 0.5 T. The system was calibrated using Al and Pt NIST standards.
Conductivity Measurements
The single-crystal conductivity (σ), of 11 was measured for a crystal ( Figure S2 ) in a four-probe configuration using in-line contacts which were attached with silver paint. The needle-like crystals were freely positioned on a sapphire substrate, and the electrical connections between the silver paint contacts on the crystal and the indium pads on the substrate were made by thin, flexible 25 μm diameter silver wires to relieve mechanical stress during thermal cycling of the crystal. The temperature dependence of the conductivity was measured in the range 330-80 K using a custom made helium variable temperature probe with a Lake Shore 340 temperature controller driven by LabVIEW software. A Keithley 236 unit was used as a voltage source and current meter, and two 6517A Keithley electrometers were used to measure the voltage drop between the potential leads in a four-probe configuration.
Single-Crystal Near-and Mid-Infrared Transmission Spectroscopy
The infrared transmission measurements were carried out in a FTIR Nicolet Nexus 670 ESP spectrometer integrated with Continuum Thermo-Nicolet FTIR microscope.
Band Structure Calculations
The band structure calculations made use of a modified version of the extended Hückel theory (EHT) band structure program [65] [66] [67] , as described previously [47, 68, 69] . The parameter set is chosen to provide a reasonably consistent picture of bonding in heterocyclic organic compounds [70, 71] .
Electron Paramagnetic Resonance Spectroscopy
The electron paramagnetic resonance spectrum ( Figure S1 ) of compound 11 was measured on a BrukerEMX EPR spectrometer.
Conclusions
By changing the substituent at the 9-position to cyclohexanemethylamine, another entrant into the series of [PLY(O, NR)] 2 B radicals has been synthesized, characterized and its solid state properties have been investigated. The disproportionation energy, which determines the on-site Coulomb correlation energy in the solid state is very similar to the alkyl substituted spiro-bis(1,9-substituted phenalenyl)boron neutral radicals reported earlier. In the solid state, the radical is not strictly monomeric nor does it form isolated σ-or π-dimers, and the structure shows that these radicals pack in a continuous array of π-step neighboring PLY units. The magnetic susceptibility indicates that there is significant spin-spin interaction between the molecules, but the relatively large separation between the spin-bearing carbons and the on-site Coulomb correlation energy together limit the room temperature conductivity to a value σ RT = 2.4 × 10 −3 S/cm.
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